Abstract Salivary biomarker discovery requires identification of analytes with high discriminatory capacity to distinguish disease from health, including day-to-day variations that occur in analyte levels. In this study, seven biomarkers associated with inflammatory and tissue destructive processes of periodontal disease were investigated. In a prospective cohort study design, analyte expression levels were determined in unstimulated whole saliva samples collected on multiple occasions from 30 healthy adults (i.e., orally and systemically) and 50 chronic adult periodontitis patients. Salivary levels of IL-1β, IL-6, MMP-8, and albumin were significantly elevated (5.4 to 12.6X) and levels of IFNα were consistently lower (8.7X) in periodontitis patients compared with the daily variation observed in healthy adults. ROC analyses of IL-1β, IL-6 and MMP-8 yielded areas under the curves of 0.963-0.984 for discriminating periodontitis from health. These results demonstrate that levels of salivary bioanalytes of patients who have periodontitis are uniquely different from normal levels found in healthy subjects, and a panel consisting of IL-1β, MMP-8 and IL-6 shows particular diagnostic potential.
Introduction
Periodontitis is a chronic infection and inflammation of tissues in the oral cavity and represents one of the most widely distributed and prevalent diseases of humans [1] [2] [3] . The ramifications of this disease are often viewed as being localized to the oral cavity, with a permanent solution affected by removal of the teeth. However, recent data have supported that this chronic infection with continued stimulation of the inflammatory responses communicates with the systemic circulation and may contribute to systemic disease sequelae, such as cardiovascular disease (CVD), diabetes, preterm/low birthweight infants, Alzheimer's disease and other negative aging processes [4] [5] [6] [7] [8] [9] . Of note, the prevalence of chronic oral diseases such as periodontal disease and their associated adverse outcomes increase with age, affecting approximately 45 % of adults over 50 years of age in the U.S., and are disproportionately borne by persons with low socio-economic status [10, 11] . Thus, oral diseases constitute a major health burden on a global scale and the health community recognizes the importance of addressing the global burden of non-communicable diseases, including periodontal disease. Furthermore, the economic impact of treatment of oral disease accounts for 3-12.5 % of overall health expenditures in industrialized countries [12] , making the mouth the most expensive part of the body to treat and contributing to lost economic productivity [13, 14] . Expenditures on dental services in the United States in 2009 were $102.2 billion, which represents 4.1 % of the total health care expenses [15] .
Due to the increasing prevalence, associated co-morbidities, and large costs associated with treating progressive disease, there is a need for screening and diagnostic modalities for early identification of periodontitis initiation and progression, as well as objective measures for response to therapy. While differentiating health from destructive periodontal disease is simple at the professional level, relying on clinical presentation to differentiate these diseases, particularly at the earliest stages of initiation and/or progression remains challenging for clinicians [16] . The development and implementation of modern technologies that can provide rapid, non-invasive, screening diagnoses that can be applied in a broader health care setting, and/or put into practice for "high risk", historically underserved populations lacking well developed medical/dental support systems, would be a substantial benefit to improving oral and systemic health.
Recent strategic initiatives at the National Institutes of Health have highlighted the potential for use of biomarkers in saliva as indicators of oral or systemic health status [17] [18] [19] . Specifically, studies focusing on oral health have revealed several biomarkers that have significant associations with the inflammatory, connective tissue destruction and bone remodeling phases of periodontal disease [20, 21] . However, a recent report from our lab suggested that orally healthy adults demonstrate day-to-day variability in salivary biomarker levels that might affect the discriminatory capacity of these biomarkers for periodontal disease [22] . Thus it was important to evaluate the potential of select salivary biomarkers of periodontal health or disease within the context of their natural daily variation in an orally and systemically healthy cohort of subjects to determine their use in clinical decision-making. Our findings from analysis of seven putative biomarkers indicate that patterns of select salivary analytes could provide clinicians important information for identification and monitoring of periodontal health in their patients.
Methods

Study Population and Clinical Assessments
Thirty volunteer healthy subjects were recruited from the faculty, staff, and students of the University of Kentucky. As we have reported previously, all of these subjects were between 18 and 45 years of age and in good general health consisting of 16 men and 14 women [22] . These systemically healthy patients also demonstrated periodontal health with a minimum of 20 teeth, bleeding on probing (BOP) in less than 10 % of sites, probing pocket depths (PD) of ≥5 mm in <2 % of sites, no PD greater ≥6 mm, and clinical attachment loss (CAL) of >2 mm in <1 % of sites. Individuals were excluded if they had a fever, infectious diseases including, but not limited to, human immunodeficiency virus (HIV), hepatitis B, and inflammatory conditions including rheumatoid arthritis [23] . Additional exclusion criteria were use of medications believed to affect the inflammatory response and/or periodontal status (i.e., antibiotics, glucocorticoids, cyclooxygenase inhibitors, and bisphosphonates), as well as pregnancy and use of tobacco products.
Fifty patients with the diagnosis of chronic adult periodontitis were also included in the study [24] . Participants had to have five qualifying sites in two quadrants with a minimum of two affected teeth in each quadrant with each site having PD≥5 mm, CAL of≥3 mm, and BOP score of≥2 (00one, 10pinpoint, 20interdental bleeding, 30spontane-ous/heavy bleeding). Subjects at least 18 years of age and were not excluded based on race, gender, or ethnicity. The study was performed at the University of Kentucky between August 2007 and October 2009 and the protocol was reviewed and approved by the Institutional Review Board (IRB) at the University of Kentucky. All subjects understood the study, provided written informed consent and received incentives (i.e., monetary compensation and a clinical examination) as part of the study protocol.
Periodontal Evaluation
A comprehensive periodontal and oral examination was conducted. Potential subjects with active oral infections (e.g., abscess, aphthae, lichen planus, candidiasis) or active mucosal ulceration were excluded from participation. One calibrated examiner conducted all examinations on the healthy subjects and for the periodontitis patients. Probing PD were measured at six locations per tooth (mesial-buccal, midbuccal, distal-buccal, mesial-lingual, midlingual, and distal-lingual) using a PCP-UNC 15 probe (Hu-Friedy, Chicago). Following the measurement of probing depths, all sites were observed for BOP. The degree of bleeding was estimated and recorded (00no bleeding, 10light bleeding, 20moderate bleeding, and 30heavy bleeding) for each probed site [25] . CALs were measured at interproximal sites only.
Collection and Handling of Salivary Samples
Unstimulated whole saliva (5 mL) was collected from all participants between 9 and 11 a.m. according to a modification of the method described by Navazesh [26] . Subjects were asked to avoid oral hygiene measures (i.e., flossing, brushing, and mouth rinses), eating, drinking, or gum chewing for 1 h before collection. Subjects rinsed their mouth with tap water, following which they expectorated at least 5 mL of whole saliva into sterile tubes containing a protease inhibitor solution (SIGMAFAST, Sigma, St. Louis, MO.). Samples were immediately placed on ice and transferred to the laboratory. Following collection of the samples, aliquots were prepared and the samples were frozen at −80°C until analysis. Samples were thawed and analyzed within 6 months of collection.
For the healthy subjects, a total of six saliva specimens were obtained for analysis [22] . Saliva was collected on Monday and Friday for 2 weeks and two additional morning samples at home were collected on the interceding Wednesdays using the same protocol as was used for the clinic sample collection. The collection tubes containing these samples were placed in the home freezer and returned to the investigators at the next visit, 2 days later, and processed identically to the clinic samples. Unstimulated whole saliva was collected from the periodontitis patients at baseline, prior to entry into a longitudinal treatment study. Specimens were collected, processed, and stored in an identical manner to the healthy subjects.
Salivary Analysis
Salivary concentrations of interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis factor-α (TNFα), and interferon-α (IFNα) were measured using human Luminex® multiplex assays (Invitrogen Carlsbad, CA). Enzyme-linked immunosorbent assays were used to determine levels of salivary matrix metalloproteinase-8 (MMP-8) (R&D Systems, Minneapolis, MN), prostaglandin E 2 (PGE 2 ) (Assay Designs, Ann Arbor, MI), and albumin (Alpco Diagnostics, Salem, NH). All assays were performed in duplicate according to the manufacturer's direction in the University of Kentucky General Clinical Research Center Core laboratory. Standards were included on all runs and all results are reported within the linearity of the assays.
Statistical Analysis
Mean levels of the analytes were compared between healthy and periodontitis patients using two sample t-statistics. Since the healthy subjects had multiple determinations of each analyte the median value was used in this and all subsequent analyses. Also, since the standard deviation of the analyte scores varied with the mean level, the two sample t-tests were based on log transformed data (variance stabilizing transformation). The ability of each analyte to distinguish disease from health was based on a logistic regression model and the optimal combination of analytes to discriminate the groups was based on a stepwise logistic regression model. For all comparisons including the logistic modeling statistical significance was set at 0.05. We determined Odds Ratios (OR; MedCalc Software 10.0.2, Mariakerke, Belgium) of effect size for each of the analytes based upon the threshold cutoff values. Measures of prediction for each classification rule were computed using area under the curve (AUC), receiver operator characteristics (ROC), sensitivity, specificity, predictive value positive (PVP), and predictive value negative (PVN). Robustness of the predictions was determined by a Random Forests analysis. All computations were done on PC-SAS Version 9.2 with the exception of the Random Forest analysis which relied on a separate statistical package (RandomForest 1.0, Salford Systems, San Diego, CA).
Results
An overview of the demographics of the fifty periodontitis patients and 30 healthy patients is shown Table I . The periodontitis group contained significantly more men, nonCaucasians, and smokers, and was significantly older than the controls. The two groups had similar mean number of teeth. The recorded clinical indices reflected the presence of generalized chronic periodontitis in the periodontitis group, and good periodontal health in the healthy group.
Discrimination Using Individual Salivary Biomarkers
Seven salivary biomarkers associated with inflammatory and tissue destructive processes of periodontitis were evaluated. Comparative levels of these analytes in the two groups are shown in Table II . Salivary levels of IL-1β, IL-6, MMP-8 and albumin were significantly elevated (3 to 12.6X) in the periodontitis patients compared with the variation observed in healthy adults (p<0.001). In contrast, IFNα levels were significantly lower (8.7X) in the saliva from the periodontitis patients (p00.0006). Mean levels of PGE 2 and TNFα were higher in the periodontitis group, but not significantly different from the healthy group. Distribution plots were constructed for each analyte, and the five plots where levels were significantly different between the groups are shown in Fig. 1a and b. Within each Table III . Here the ORs ranged from 3 to 5.2, for salivary IL-1β, IL-6 or MMP8. These elevated levels of salivary analytes occurred in over 80 % of the periodontitis group compared with the initial saliva sample from the healthy subjects. Compared with all saliva samples from the healthy group, the ORs were 2.0-2.4 for the periodontitis group. This indicated the discriminatory capacity in spite of the inherent "normal" variation in salivary analyte levels from healthy subjects. Albumin levels also were significantly different between health and periodontitis patients; however, 40 % of healthy saliva samples were elevated above the threshold level. IFNα levels provided a contrasting discriminatory capacity. Here we found that IFNα levels were generally only elevated in the healthy participants. However, detailed inspection of the IFNα levels in the healthy subjects identified that <40 % of the initial saliva samples from the healthy subject's demonstrated levels of IFNα greater than the threshold. Thus for IFNα the results demonstrated a high specificity, but low sensitivity. Levels of salivary PGE 2 and TNFα provided minimal value in discriminating periodontal health from disease (data not Fig. 2 Receiver Operator Characteristic (ROC) curves for IL-1β, IL-6 and MMP-8, IFNα and albumin. These determinations were performed using only the initial saliva sample from the healthy subjects shown). Based on these findings, the threshold values identified for the three analytes (ie. IL-1β, MMP-8, IL-6) individually discriminated the majority of periodontitis patients and were, thus, evaluated in more detail.
Discrimination Using Profiles of Salivary Biomarkers
The bottom section of Table III provides a summary of the ROC analyses for the best discriminatory pairs of analytes, as well as a panel of three analytes for distinguishing health from periodontal disease. Table IV provides a summary of the ROC analysis of the various combinations of these analytes to discriminate health from periodontitis. Each of the pairings of IL-1β, IL-6, and MMP-8 yielded high sensitivity and specificity, ranging generally at or above 94 %. The ORs calculated for the pairings ranged from 3.0-9.3 using initial or all saliva samples from healthy subjects, confirming the discriminatory power of these salivary analyte panels. These results reinforce the value of including a finite number of targeted analytes to improve the capacity of the diagnostic patterns for both the population and individual patient descriptions. The uniqueness of the two groups based on mean levels for all three analytes in saliva of each patient is shown as a 3-dimensional display in Fig. 3 .
To determine the robustness of the logistic results, especially those based on pairs of analytes, we analyzed the data by Random Forest to confirm the diagnostic potential of the biomarkers that had been identified using a range of aforementioned statistical validation approaches (Fig. 4) . The mean error rate for predictions by the trees in the forest was 4.7 % overall, 6.0 % for disease, and 3.3 % for healthy indicating that the panel of analytes has high predictive capacity. The parallel coordinates plot combined with relative rankings of the biomarkers based on the rescaled Gini Importance Index demonstrated a clear value of IL-6 (Gin Index rescaled to 100 %), IL-1β (90.71 %) and MMP-8 (47.9 %) to differentiate healthy subjects from patients with chronic adult periodontitis. Of the other mediators examined, IFNα provided additional information at a level of 23.67 %.
Discussion
Our previous findings regarding salivary analytes in healthy subjects demonstrated significant within-subject variation [22] . However, this report extends these observations by Fig. 3 a ROC analysis for three combined analytes with AUC value. b 3-dimensional representation of the subject response profiles for the 3 analytes. Each red circle denotes a periodontitis patients and each blue star signifies the baseline sample for a healthy subject. The oval highlights analytes profile levels that identify healthy subjects showing that salivary levels of select analytes in healthy subjects, irrespective of this "normal" variation, are significantly different from levels in periodontitis patients. Biological variation (intra-individual variability), which exists for all biomolecules across the human population, including ones affected by age, gender, ethnicity, and genotype fluctuate around an individual subjects "normal" set-point [27] [28] [29] [30] . This intra-individual random variation is differentiated from between-subject variation that results from different individuals having different "normal" variation. For analytes to be of diagnostic value, the differentiation of disease must exceed the natural intra-individual and between-subject variation associated with health. The magnitude of this difference beyond natural variation is critical for interpretation of laboratory results in clinical medicine. While the variability in salivary analyte levels is considered to be more than for serum analytes [31, 32] , direct comparisons are not possible, since serum reference ranges are not commonly available for the salivary analytes examined in this study. Nevertheless, within this limited set of analytes we were able to identify IL-1β, MMP-8, IL-6, and IFNα levels in unstimulated whole saliva that differentiated chronic adult periodontitis patients from healthy subjects. We have previously reported the existence of significant within-subject variation in various salivary analytes in healthy adults [22] ; however, here levels of these biomarkers were significantly elevated in patients with periodontitis above this normal variation. Further, the pairing of analytes and statistical analyses performed here enabled the establishment of thresholds of specific salivary analytes that clearly discriminate health from disease. The current report also extends these findings by analyzing combinations of salivary analytes that appear to enable the potential for identification of clinical changes of periodontitis that could represent early detectable biological transitions from health.
These data are consistent with previous findings from our lab and others that IL-1β and MMP-8 concentrations are significantly elevated in the saliva of periodontitis patients [18, [33] [34] [35] [36] [37] . Using a series of statistical analyses, we expanded our knowledge of the clinical utility of these biomarkers. Here we showed that the panel of biomarkers, specifically IL-1β, IL-6, and MMP-8, provided high sensitivity and specificity for periodontitis at a population level, and even more importantly provided a high positive and negative predictive value for classification of individuals into health or disease subsets. Although our findings are somewhat limited by study size, inexact matching of the group demographics, the exclusion of individuals from both cohorts with co-morbid conditions, the requirement for generalized disease, and absence of repeated measures for the periodontitis patients as was conducted in the healthy subjects, the findings show promise for the field of salivary diagnostics. Further, the data support and extend the identification of select salivary analytes that vary in level in oral health, but appear to be biological reflections of the various inflammatory and tissue destructive processes that occur in periodontitis [38] [39] [40] .
Summary
In conclusion, we found select salivary biomarkers that when used as panels provide high discriminatory capacity for distinguishing periodontal disease from health. These biomarkers are likely to provide great clinical benefit when used in conjunction with other clinical information, and will need to be further tested in larger prospective studies of periodontal disease as well as less severe forms of periodontal disease including gingivitis.
